Abstract
INTRODUCTION
Patients with hypoplastic left heart syndrome or related malformations are predominantly treated with a surgical 3-stage palliation therapy consisting of a Norwood procedure usually during the first 10 days of life, a bidirectional Glenn operation between 3 and 6 months of age and a Fontan procedure at 3-4 years. A requirement for successful treatment of this otherwise lethal malformation complex is low pulmonary resistance and an adequate pulmonary vascular tree, as well as good ventricular and valvular function and absence of systemic vascular obstructions. Anatomic or physiologic problems of the single ventricle circulation can lead to unplanned additional surgical or catheter interventions during all steps of the palliation therapy. Additional congenital problems like restrictive pulmonary venous return, low birth weight, comorbidities or late referral may postpone the usual time schedule of the palliation and can make additional prior procedures necessary [1, 2] . Inadequate pulmonary vascular development after the Norwood procedure may inhibit the usual progress towards the next stage as the bidirectional Glenn physiology requires well sized pulmonary arteries for satisfying oxygenation and low venous pressure in the superior vena cava [3] [4] [5] [6] [7] [8] [9] [10] . After stage II the special condition of the Glenn circulation combined with chronic cyanosis favours pathophysiologic problems like the appearance of intrapulmonary arterio-venous-fistulas, veno-venous collaterals or aortopulmonary collaterals. Also after completion of the total cavopulmonary connection anatomic and functional problems can lead to various forms of so-called Fontan failure making surgery or intervention essential again [11] [12] [13] .
The complex anatomy of the reconstructed neoaorta with two valves and a patch of foreign material is also a potential risk factor for stenosis, kinking, aneurysm formation or valve insufficiency during follow-up [14] [15] [16] . Another cause of reoperation can be congenital or acquired malformation of the systemic AVvalve [17] [18] [19] as well as rhythm disturbances. Last but not least, changes in operative technique or modifications of the type of pulmonary perfusion may have an impact on the reoperation rate [3, 4, 8, 9] .
The aim of this study is to analyse incidence, timing and type of unplanned interstage cardiac reoperations and catheter interventions during long-term follow-up after the Norwood procedure.
METHODS
Between 1997 and 2014, 317 consecutive Norwood procedures were performed at the Children's Heart Center Linz, Austria. A retrospective single centre investigation was carried out concerning incidence, timing, indication and type of unplanned interstage cardiac reoperations and interventions during follow-up after the Norwood procedure. All 317 patients were included and followed from birth until the end of 2015 or death. Patients lost to follow-up were included until last observation endpoint. Operations aiming at biventricular repair, cardiac procedures taking place at the time of the bidirectional Glenn or Fontan procedure or heart transplantation (HTX) were not included. Diagnostic catheter investigations before stage II and III were not taken into account, neither catheterization for fenestration closure as this is part of our management algorithm.
Data were collected retrospectively from patients' medical records and statistically analysed. All rates refer to the actual number of patients at the operational stage (e.g. interstage II reoperation rate refers to the number of patients after the bidirectional Glenn operation). Cardiac reoperations were divided into groups regarding surgical issues, catheter interventions were summarized due to anatomical problems.
Data of quantitatively measured variables in the text reflect medians and lower and upper quartiles [in square brackets].
Patients and surgical techniques
Until the end of 2014, 317 patients received a Norwood procedure at a median age of 7 days [5;11] ranging from 2 to 270 days and at a median weight of 3.26 kg [2.90;3.64] . Twenty-four children weighed less than 2.5 kg. Two hundred and fifteen children were boys and 102 girls. Aortic atresia was present in 48% of the cases.
The Norwood procedure was performed in standard manner using either a homograft or a polytetrafluorethylene patch for the aortic arch reconstruction. No patch material was needed for some cases with transposition of the great vessels (n = 28). Pulmonary blood flow was restored by a modified BlalockTaussig shunt in 54 patients, mainly at the beginning of our series, and with a left-sided right ventricle to pulmonary artery conduit (RV-PAC) using a 5-mm polytetrafluorethylene prosthesis in 82 cases. Since April 2006 we implanted right-sided RV-PA conduits (181 cases).
Fifty-nine of these 317 patients (18.6%) died before the bidirectional Glenn operation (interstage I). Three patients directly moved on to total cavopulmonary connection because of thrombotic occlusion of the brachiocephalic artery or the superior vena cava. The small remaining superior vena cava was connected to the pulmonary artery together with the inferior vena cava. One foreign patient was lost to follow-up during interstage I.
Before the bidirectional Glenn operation a routine cardiac catheterization or magnetic resonance imaging was done. After that a direct anastomosis of the superior vena cava and the right pulmonary artery was performed at a median age of 121 days [105;137] and the former shunt was taken away (254 patients). Bilateral bidirectional Glenn anastomoses were necessary in 11 patients. During interstage II 26 patients died before reaching the Fontan stage (10.2%), 1 patient underwent HTX, 5 patients were lost to follow-up and 50 patients are still waiting for Fontan. By the end of 2015, 176 patients of the Norwood cohort underwent a fenestrated extracardiac Fontan completion at a median age of 3.4 years [3.05;3.86] in our centre. Six of these patients died during follow-up (3.4%) and 2 more underwent HTX at this stage. Table 1 shows the timing of mortality during the whole follow-up after the Norwood procedure [20] .
The follow-up of surviving patients after the Norwood procedure is ranging from 0.22 to 18.49 years (median 6.67 [3.39;9.62] years). Including all patients a total of 1616 patient years was analysed for unplanned surgical procedures and catheter interventions. Figure 1 demonstrates the transplant free survival curve for the whole Norwood cohort.
Statistical analysis
Unless otherwise mentioned data of quantitatively measured variables in the text reflect medians and lower and upper quartiles [in square brackets]. The comparison of mortality or HTX of patients with or without additional operations was performed by the Fisher's exact test. The hazard ratio of additional operations for the occurrence of exitus or HTX was calculated by a univariate Cox regression.
The comparison of mortality rates between the lung perfusion categories (mBTS, Sano left and Sano right) was performed by the exact v 2 test (with provision of adjusted residuals). Time-to-event variables were depicted by Kaplan-Meier plots, subgroups related to the necessity of additional operations were compared by the log rank test.
Statistical analysis was performed using the open-source R statistical software package, version 3.2.3 (The R Foundation for Statistical Computing, Vienna, Austria).
RESULTS

Pre-Norwood procedures
Surgery
Nine patients (2.8%) needed surgical interference already before the Norwood procedure at a median age of 21 days [15;41]: Surgical atrioseptectomy was done in 6 patients, 3 of them also received a pulmonary artery banding. Three more patients were treated with bilateral pulmonary artery banding alone (2 had a ductal stent implantation, 1 an atrial stent implantation). Indications for precedent surgery were prematurity or low birth weight below 2 kg in 4 cases, pulmonary hypertension and congestive heart failure with haemodynamic instability in 4 cases and cerebral bleeding in 1 case.
Outcome
Two of these patients died during follow-up, 1 early after the Norwood procedure and 1 after 2 years and 4 months in the interstage II.
Catheter interventions
Nine additional patients had a Rashkind manoeuvre due to a restrictive foramen ovale. Children after Rashkind had the Norwood procedure at a median age of 6 days [4;11] , whereas patients with pulmonary artery banding underwent the Norwood operation at a median age of 70 [56;153] days.
Interstage I procedures
Surgery
In the interstage I between Norwood and bidirectional Glenn procedure 35 patients (11.0%) underwent an additional cardiac operation. The operations took place after a median interval of 36 days [8;102] (ranging from operative day until 178 postoperative days). Eighty percent of these patients (n = 28) had some kind of redo surgery regarding the source of pulmonary perfusion: 17 patients received a Sano conduit change (one together with a neoaortic valve plasty), 3 more patients had revisions of the Sano conduit, 2 patients received a modified Blalock Taussig shunt (mBTS) instead of the Sano conduit and 6 patients had changes of the mBTS (4 patients because of shunt thrombosis and 2 patients after mBTS clipping because of extracorporeal membrane oxygenation therapy). Sano conduit reoperations were indicated by inadequate pulmonary artery size and/or conduit stenoses with significant cyanosis in most cases. Three patients received conduit changes because of unsatisfactory venous situation. Three patients intraoperatively received a second Sano conduit after BDG take-down because of intractable cyanosis under bidirectional Glenn anastomosis.
Further indications for interstage I reoperations were tricuspid valve regurgitation (n = 3), aortic arch restenosis (n = 2), atrial thrombectomy (n = 1) and epicardial pacemaker implantation because of atrioventricular block grade II (n = 1) (see Table 2 ).
Outcome
Thirteen of the patients who underwent redo surgery in the interstage I (37.1%) died during follow-up and all except 2 of these patients needed continuous intensive care therapy prior to their reoperation. Most of them died early after ineffective redo surgery (n = 7). Five patients underwent bidirectional Glenn operation later on, but 2 of them died soon of cardiopulmonary failure and the other 3 had a BDG take-down immediately. Only 
Catheter intervention
Twenty-five of the 317 Norwood patients (7.9%) had a catheter intervention during interstage I. Main indications were: aortic arch restenosis dilatation (n = 11), RV-PAC stent implantation (n = 7, 1 plus isthmus stent), 5 patients had coilings of major aortopulmonary collaterals, 1 a coiling of a persistent left superior vena cava and 1 a dilatation of a left pulmonary artery (see Table 2 ).
Interstage II procedures
Surgery
In the interstage II between bidirectional Glenn operation and Fontan procedure 9 of 254 Glenn patients (3.5%) underwent redo surgery at a median interval to the bidirectional Glenn operation of 36 days [4;444] , ranging between operative day and 1.77 years after BDG: 6 patients needed tricuspid valve repair because of regurgitation, 1 patient had a ligation of an additional azygos vein, another 1 the ligation of major veno-venous collaterals and 1 needed an epicardial pacemaker implantation (see Table 3 ).
Outcome
Three of these 9 patients died during follow-up, 1 underwent successful HTX after Fontan and 1 was lost to follow-up. Only 4 patients could be followed until present under palliation.
Catheter intervention
Thirty-nine patients (15.4%) needed at least 1 catheter intervention during interstage II (only 1 of them also received surgery): major indications were coilings of aorto-pulmonary collaterals (n = 17) and interventions at the left pulmonary artery (n = 9). For further details see Table 3 .
Post-Fontan procedures
Surgery
After Fontan completion 16 of 176 patients (9.1%) underwent redo surgery after a median interval of 828 days [220;1891]: 9 patients received tunnel fenestration or refenestration (1 together with tricuspid valve repair, 1 with pacemaker implantation, 1 as tunnel change plus pacemaker, 1 plus aortic arch reconstruction), 1 had a David's procedure, 1 a tricuspid valve repair, 1 a pulmonary artery patch plasty, 1 a ventricular patch plasty in case of an aneurysm and 3 an isolated pacemaker implantation (see Table 4 ).
Outcome
Two of these 16 patients died due to Fontan failure (1 early after Fontan operation and the other 5 years after Fontan and 2 months after refenestration) and 1 was successfully transplanted 9 years after Fontan. The others are alive under palliation, but 7 are suffering from either protein losing enteropathy or plastic bronchitis.
Catheter intervention
Eighteen patients (10.2%) underwent catheter intervention in stage III: main indications were stenting of the left pulmonary artery (n = 9) and aortic arch restenosis (n = 4). For further details see Table 4 . 
Summary
In total, 65 of initially 317 patients (20.5%) needed at least one additional cardiac operation apart from the 3 planned procedures (including 5 patients with 2 additional procedures) and 81 patients (25.6%) needed a catheter intervention during the follow-up period of median 4.16 years [0.45;8.29] until death, heart transplant or last observation endpoint. Figure 2 shows the occurrence of additional operations during long-term follow-up. Figure 3 depicts the combined ratio for additional operation, death or HTX during long-term follow-up. A total of 33.9% of the patients with additional operations died or received HTX during follow-up compared to 28.6% of patients without additional operations (P = 0.45). A univariable Cox regression regarding the hazard ratio of additional operations for the occurrence of exitus or HTX showed a hazard ratio of 1.132 favouring additional operation (P = 0.612) underlining the thesis that additional operations do not significantly lead to poor outcome. Figure 4 shows a comparison of transplant free survival curves between patients with or without additional operations.
DISCUSSION
Procedures prior to the Norwood operation were caused by pulmonary hypertension or congestive heart failure with haemodynamic instability or reasons that made a postponement advisable (low birth weight or cerebral haemorrhage). Atrial septectomy and bilateral pulmonary artery banding can successfully bring this small, but endangered group of patients into a treatable clinical situation [1, 2] . Eight of these 9 patients could move on in staged palliation after the Norwood procedure.
Additional reoperations during staged palliation in our centre were predominantly 'stage associated' mainly addressing problems of pulmonary perfusion in the interstage I, tricuspid regurgitation in the interstage II and Fontan failure associated problems after stage III. Although the interstage I is the shortest period (only 3 months in average), most reoperations took place in this interval expressing the fact that shunt physiology is most vulnerable (e.g. thrombotic events) and least sustainable due to lack of growth of the source of pulmonary perfusion. Chronic bad condition with failure to wean from ventilation or acute life threatening events like shunt thrombosis unsurprisingly lead to sometimes desperate reoperations with poor outcome [21] .
Many authors documented well the advantage regarding survival of the RV-PA conduit in comparison to the otherwise used mBTS [4, [21] [22] [23] . In our cohort 44.4% (24 of 54 patients) of Norwood patients with mBTS died during follow-up and 3 more needed BTS changes, but survived. None of this cohort had a reoperation addressing PA-stenosis. However, the lesser and uncontinuous flow through the Sano conduit can favour the development of PA stenosis or hypoplasia [4] [5] [6] [7] 9] . Kinking or traction caused by growth as well as neointima proliferation can create conduit stenosis. Both phenomena lead to progressive cyanosis making some intervention necessary. In our series children with RV-PA conduit showed remarkably better survival (transplant free survival with right-sided RV-PAC: 79.0%; leftsided RV-PAC: 61%; mBTS: 55.6%; P < 0.05), but a considerable rate of reoperations and interventions at the level of the conduit, the distal anastomosis and both pulmonary arteries. If the anatomic problem is solved and more flow is brought into the pulmonary system, pulmonary arteries will grow and the progression towards the next stage will be possible. On the other hand, a larger RV-PA conduit can successfully bridge the time to a total cavopulmonary anastomosis in the presence of obliteration of the superior vena cava or brachiocephalic vein.
An important surgical aim at the time of the Norwood procedure has to be optimal length, direction and placement of the RV-PA conduit to prevent subsequent problems, as this is the most frequent reason for a reoperation in the interstage I. Shuhaiber et al. [21] described well the relevance of adequate surgical result at primary palliation, as reoperations during the same admission due to residual problems are associated with very poor outcome.
The high incidence of stenoses in our centre has lead to a change from left-sided (surgical conduit revisions in 9.8%) to right-sided conduits (surgical conduit revisions in 7.7%) and lately to the usage of ring-enforced prostheses as proposed by other authors [8, 9] .
Unfavourable congenital anatomy (like tricuspid regurgitation) or acquired problems like aortic arch restenosis or aneurysm formation can induce reoperations during follow-up independently of stage. Although the bidirectional Glenn physiology reduces volume load of the single ventricle, most isolated tricuspid valve reoperations occurred in the interstage II with the aim to improve cardiac function and facilitate pulmonary venous return. Many authors already described the negative effect on long-term outcome in case severe tricuspid regurgitation is present early in this difficult group of patients [17] [18] [19] . Our results can only underline this fact, 7 out of 10 children with isolated tricuspid valve repair during palliation died during follow-up or received HTX.
In the long time period after the Fontan procedure various indications for reoperations showed up, but the main reason was driven by some sort of Fontan failure with either protein losing enteropathy, plastic bronchitis or abnormal rhythm. Reoperations should optimize circulation either by addressing residual anatomic problems, by lowering Fontan tunnel pressure via refenestration or resynchronization by pacemaker implantation [11] [12] [13] .
Catheter interventions aimed at relief of left atrial pressure with the Rashkind procedure before the Norwood operation, as a restrictive foramen ovale is a known risk factor for bad outcome. In the interstage I, main intervention reasons were aortic arch restenoses and conduit stenosis. Most of the aortic arch restenoses could be successfully treated interventionally, so that only 3 patients needed isolated aortic arch reoperations later in life [14] [15] [16] . Nevertheless, several redilatations during follow-up were necessary. This underlines once more the importance of avoiding kinking or tentative primary enlargement at the Norwood procedure.
Later on, chronic cyanosis, particularly in the presence of pulmonary artery stenosis, can induce major aorto-pulmonary collateral formation with chronic volume overload of the single ventricle. Collateral closure and pulmonary artery dilatation were frequently applied in order to raise oxygen saturation, to reduce volume load and improve cardiac output.
The rate of unplanned operations (20.5%) and interventions (25.6%) during staged palliation in the observation period is remarkably high showing surgical peaks in the interstage I and after the Fontan procedure and an interventional peak in the interstage II. In the comprised patients a combination of the necessary operation with the next surgical step in palliation was not possible with reasonable risk because of their pulmonary vascular situation, cardiac function or age. If additional operations were successful, predominantly when done under elective circumstances, uneventful progression in staged palliation was possible. The overall mortality rate of patients with additional surgery was higher, but did not reach statistical significance. Further reoperations, particularly after stage III, are to be expected with rising age and follow-up period.
These numbers give reason that thorough early information of the parents about possibly anticipated additional procedures is necessary. In our series a true 3-stage palliation without further surgical intervention could not be achieved in at least a fifth of the patients.
Limitations
A limitation of the study is the heterogeneous group of procedures assessed in the population. The diverging preoperative status is an important factor concerning outcome. Furthermore, we cannot rule out that the morphology (left or right) of the systemic ventricle has an influence on reoperation rate and outcome.
